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Edited by Ulf-Ingo Flu¨ggeAbstract One type of covalent linkages connecting lignin and
hemicellulose in plant cell walls is the ester linkage between 4-
O-methyl-D-glucuronic acid of glucuronoxylan and lignin
alcohols. An enzyme that could hydrolyze such linkages, named
glucuronoyl esterase, occurs in the cellulolytic system of the
wood-rotting fungus Schizophyllum commune. Here we report
partial amino acid sequences of the enzyme and the results of
subsequent search for homologous genes in sequenced genomes.
The homologous genes of unknown functions were found in gen-
omes of several ﬁlamentous fungi and one bacterium. The gene
corresponding to the cip2 gene of Hypocrea jecorina (Tricho-
derma reesei), known to be up-regulated under conditions of
induction of cellulolytic and hemicellulolytic enzymes, was
over-expressed in H. jecorina. The product of the cip2 gene
was puriﬁed to homogeneity and shown to exhibit glucuronoyl
esterase activity.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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reesei)1. Introduction
Elaboration of eﬃcient processes of enzymatic hydrolysis of
lignocellulosics is important challenge of future research pav-
ing the way to rational and environmentally friendly utilization
of renewable energy resources. Progress in this area depends
on better knowledge of enzymes that participate in plant cell
wall degradation. The number of covalent linkages in plant cell
walls is certainly larger than the number of so far known
hydrolytic enzymes. This situation is stressed by the fact that
alkaline treatment of wood or agricultural byproducts appears
to be the most eﬃcient way to destroy the integrity of plant cell
walls and improve their digestibility by enzymes. It can be
anticipated that such a treatment not only disrupts physical
interactions between various polymers but also cleaves a num-
ber of known or unknown alkali-labile covalent linkages, such
as ester linkages. One of such linkages has been shown to con-
nect hemicellulose and lignin via ester linkages between D-glu-
curonic or 4-O-methyl-D-glucuronic acid (MeGlcA) ofAbbreviations: MeGlcA, 4-O-Methyl-D-glucuronic acid; CBM, carbo-
hydrate-binding module
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so far been demonstrated only indirectly, either by in situ
reduction of MeGlcA to 4-O-methyl-D-glucose [4,5,8] or by
2,3-dichloro-5,6-dicyano-1,4-benzoquinone oxidation [6,7].
Enzyme, which would hydrolyze these linkages could play
important role in microbial digestion of plant tissues and
might have a signiﬁcant biotechnological potential. An ester-
ase that could have this catalytic activity was recently discov-
ered in the cellulolytic system of Schizophyllum commune [9].
The enzyme was named glucuronoyl esterase on the basis of
its abilities to hydrolyze alkyl and arylalkyl esters of D-glucu-
ronic acid and MeGlcA [9,10]. The substrates of glucuronoyl
esterase were not attacked by other carbohydrate esterases
such as acetylxylan esterase, feruloyl esterase and pectin
methyl esterase, and the glucuronoyl esterase did not hydro-
lyze the substrates of other carbohydrate esterases [9].
In this paper we report partial amino acid sequence of the S.
commune glucuronoyl esterase. BLAST search shows that sig-
niﬁcant homology was found between the sequences of an
internal peptide of the S. commune enzyme and of functionally
unidentiﬁed proteins of several ﬁlamentous fungi and one bac-
terium, including the cip2 gene of Hypocrea jecorina (Tricho-
derma reesei) [11]. Moreover, we show that the product of
the cloned gene cip2 from H. jecorina displays catalytic activi-
ties compatible with glucuronoyl esterase. In addition, the
Cip2 protein binds to cellulose due to the presence of a
CBM on its amino-terminus as reported earlier [11].2. Materials and methods
2.1. Glucuronoyl esterase substrates
Semiquantitative assay of glucuronoyl esterase was done on methyl
4-O-methyl-D-glucopyranuronate(I) [12] by TLC [9]. 4-Nitrophenyl
2-O-(methyl-4-O-methyl-a-D-glucopyranosyluronate)-b-D-xylopyrano-
side(II) [13] was used as substrate for quantitative assay and for deter-
mination of pH and temperature optima and stabilities. One unit of
glucuronoyl esterase activity is deﬁned as the amount of the enzyme
deesterifying 1 lmol of 4-nitrophenyl 2-O-(methyl 4-O-methyl-a-D-
glucopyranosyluronate)-b-D-xylopyranoside(II) in 1 min at 30 C [9].
The two methyl esters were generous gifts from Dr. J. Hirsch, 3-(4-
methoxyphenyl)propyl-methyl-4-O-methyl-a-D-glucopyranosiduro-
nate(III) [14], the substrate mimicking the lignin–hemicellulose
linkage, was supplied by Dr. M. Pola´kova´ (both from the Institute
of Chemistry, Slovak Academy of Sciences, Bratislava, Slovakia). For-
mulas of all three substrates are shown in Fig. 1.
2.2. Expression vector construction and fungal transformation
The plasmid pIE [15] was used for the over-expression of theH. jeco-
rina Cip2 protein [11]. The expression cassette in pIE, based on pBlue-
script KS(), contained the H. jecorina cel7A promoter, the cel5Ablished by Elsevier B.V. All rights reserved.
Fig. 1. Glucuronoyl esterase substrates used in this work: I, methyl-
4-O-methyl-D-glucopyranuronate; II, 4-nitrophenyl 2-O-(methyl-4-O-
methyl-a-D-glucopyranosyluronate)-b-D-xylopyranoside; III, 3-(4-meth-
oxyphenyl)propyl methyl-4-O-methyl-a-D-glucopyranosiduronate.
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gion, and the Escherichia coli hygromycin B phosphotransferase gene.
The cel5A region in pIE was replaced by 1.4 kb cip2 genomic region by
cloning. The cip2 genomic region was synthesized by PCR using KOD
HIFI polymerase (Novagen, Madison, WI) using CIPF1 (GGCCGC-
GGACTGCGCATCATGGCTTCCCGCTTCTTTGC) and CIPR1
(AACTGCAGTCAACTCAGCGTTGGGGTTGTC) as primers and
H. jecorina Rut C-30 genomic DNA as template. The 3 0 region of
CIPF1 matched nucleotides 1–20 while that of CIPR1 matched the last
22 nucleotides of complementary strand of AY281368 [11]. A SacII site
and seven nucleotides preceding the cip2 translation start codon in
CIPF1 and a PstI site after the stop codon in CIPR1 were added to
facilitate cloning of the region into pIE and fusion of the cip2 gene
between the cel7A promoter and terminator. The inserted region was
sequenced to conﬁrm the lack of mutation. The cassette was released
by EcoRI digestion and puriﬁed using the Qiagen Gel Extraction kit
(Qiagen, Valencia, CA) after agarose gel electrophoresis. Transforma-
tion ofH. jecorina Rut C-30 was performed using the PDS/He Biolistic
Bombardment system (Bio-Rad Laboratories, Hercules, CA) as de-
scribed by Hazell et al. [16].
2.3. Cip2 over-expression, detection and puriﬁcation
To monitor the production and puriﬁcation of Cip2, polyclonal anti-
serum was raised against the synthetic peptide RQAEMSELIQRYEL
corresponding to amino acid residues 132–145 of Cip2. The antibodies
were puriﬁed using a peptide-conjugate aﬃnity column as described by
Li et al. [17]. Puriﬁed fungal transformants were grown under cellulase-
induction condition for 5 days and Cip2 levels in culture supernatants
were estimated by Western blot analysis. The transformant that gave
out the heaviest band on western was inoculated into 50 ml potato dex-
trose broth medium in a 250 ml Erlenmeyer ﬂask and shaken at
250 rpm and 28 C for 3 days. The culture was used to inoculate a cul-
ture using a 2.8-L Erlenmeyer ﬂask containing 1.0 L cellulase-induc-
tion medium [15]. The culture was stopped after 7 days and fungal
mycelium was removed by centrifugation (6500 · g) at 4 C. One com-
plete protease inhibitor pellet (Roche Diagnostics GmbH) and ammo-
nium sulfate crystals (381 g) were added to 800 ml supernatant while
stirring. The preparation was left on ice for 2 h and then centrifuged
(10200 · g) for 30 min at 4 C. Supernatant was discarded while the
pellet was suspended in 1.0 M ammonium sulfate. The suspension
was subjected to centrifugation under identical conditions and the
supernatant (25 ml) was loaded to a Phenyl Sepharose High Perfor-
mance column (5 · 20 cm) controlled by an AKTAbasic System (GE
Life Science USA, Piscataway, NJ). The start buﬀer was 1.0 M ammo-
nium sulfate in 50 mM Tris/HCl, pH 7.5, and the elution buﬀer,
50 mM Tris/HCl, pH 7.5. Flow-rate was controlled at 10.0 ml/min, a
gradient of 45 min from 0% to 100 % elution buﬀer. Elution of tightly
bond proteins was achieved by a gradient of 20 min from the elution
buﬀer to MilliQ H2O. Fractions of 5.0 ml each were collected. The pur-
ity of proteins in collected fractions was estimated by SDS–PAGE andthe presence of Cip2 was detected by western analysis as described
above. Fractions during the H2O elution were found to contain the
Cip2 protein and pooled. The material was lyophilized, dissolved in
5 ml 50 mM Tris/HCl buﬀer, pH 7.5, and loaded to a Q XL Fast Flow
column (GE Life Science). Start buﬀer was 50 mM Tris/HCl, pH 7.5
and elution buﬀer, 1.0 M NaCl in start buﬀer. The Cip2 protein was
found in the ﬂow-through fractions and its purity was judged by
SDS–PAGE.2.4. Sequence analysis of puriﬁed proteins
The glucuronoyl esterase of Schizophyllum commune (ATCC 38548)
was puriﬁed as described in our previous paper [9]. The enzyme was
homogeneous on SDS–PAGE and IEF and did not show activities
exhibited by other carbohydrate esterases [9]. Both the S. commune
glucuronoyl esterase and the recombinant H. jecorina Cip2 enzyme
were subjected to Edman sequencing after transferred to polyvinyli-
dene diﬂuoride membranes as described previously [15]. The two pro-
teins (5.0 lg in 200 ll 50 mM sodium phosphate buﬀer, pH 7.5) were
also heated at 95 C for 10 min. Denatured protein samples were trea-
ted overnight with either pyroglutamate aminopeptidase (1 mU) (Ta-
kara Bio, Inc., Shiga, Japan) or sequencing-grade trypsin (10 ng)
(Promega, Madison, WI). The hydrolysates were dried using a Speed
VacTM (Thermo Savant, Holbrook, NY) and dissolved in 25 ll MilliQ
H2O. The samples were then subjected to either microcapillary reverse
phase HPLC nano-spray tandem mass spectrometry on a Thermo-
Finnigan LTQ quadrupole ion trap mass spectrometer at the Wistar
Institute Proteomics Facility (WIPF, Philadelphia, PA) or SDS–PAGE
analysis using the precast Criterion gels (Bio-Rad, Herculus, CA). In-
tact proteins and above prepared peptide samples after SDS–PAGE
separation were transferred to polyvinylidene diﬂuoride membranes
(60 V for 3.0 h). Protein and peptide bands on the membranes were
visualized by amido black staining (Sigma) and excised with a razor
blade. N-terminal amino acid sequencing was performed at WIPF
on an Applied Biosystems model 477A gas-phase sequencer equipped
with an automatic on-line phenylthiohydantion analyzer. Obtained
amino acid sequences were used to search for homologous sequences
using the BLAST program against the NCBI, BROAD, and JGI dat-
abases. Mass spectrometry data were searched against NCBInr data-
base using the Mascot program. Comparison of amino acid
sequences were performed using the MegAlign Clustal W program
(DNAStar, Madison, WI).2.5. Glucuronoyl esterase activity assays
The glucuronoyl esterase activity was semiquantitatively determined
by TLC on methyl-4-O-methyl-D-glucopyranuronate (compound I)
[12] in 0.05 M sodium phosphate buﬀer, pH 5.5, at 30 C [9]. Quanti-
tative glucuronoyl esterase assay was done using the chromogenic
substrate, 4-nitrophenyl 2-O-(methyl-4-O-methyl-a-D-glucopyranosy-
luronate)-b-D-xylopyranoside (compound II) [13] at 1.25 mM concen-
tration in 0.05 M sodium phosphate buﬀer, pH 5.5 at 30 C. The
substrate disappearance was followed in time course by HPLC as de-
scribed earlier [9]. The same substrate and similar reaction conditions
were used when the eﬀect on enzyme activity of PMSF, EDTA and
enzyme binding to cellulose was evaluated. One of the reaction para-
meters varied when temperature and pH optima of the enzyme were
determined. Kinetic parameters of the H. jecorina enzyme for com-
pound II and 3-(4-methoxyphenyl)propyl methyl 4-O-methyl-a-D-
glucopyranosiduronate (compound III) [14], were determined at pH
5.5 and 30 C. Decomposition of both chromogenic substrates was fol-
lowed by HPLC using a spectrophotometric detector as described ear-
lier [9]. Compound II has a UV-absorbing benzene ring in the sugar
part of the molecule, while compound III contains the benzene ring
in the alcohol moiety.2.6. Other analytical procedures
Protein concentration was measured using the Dc Protein Assay kit
(Bio-Rad) with bovine serum albumin as standard. Puriﬁed Cip2 was
quantiﬁed using an extinction coeﬃcient of 72980 M1 cm1 at
280 nm. Isoelectric focusing (IEF) gel electrophoresis was done using
the precast IEF gels (Bio-Rad) with a pH range of 3.0–10.0. Electro-
phoresis conditions were 60 min at 100 V, 60 min at 250 V, and
35 min at 500 V. Protein bands were visualized by staining with Coo-
massie Brilliant blue R-250 IEF Staining Solution (Bio-Rad).
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3.1. Homology analysis
The puriﬁed intact S. commune glucuronoyl esterase when
subjected to Edman analysis failed to yield any amino acid
sequence [9]. The enzyme was then subjected to digestion by
pyroglutamate aminopeptidase and trypsin. The aminopepti-
dase treated S. commune glucuronoyl esterase during the
Edman analysis gave a amino acid sequence of DXDTPATVS-
GYSNSALPDPF with the X as an unidentiﬁed residue, indi-
cating that secreted S. commune glucuronoyl esterase might
indeed contain a pyroglutamate as the amino terminal residue.
The tryptic peptides were fractionated by HPLC and one pep-
tide during the Edman analysis gave an amino acid sequence of
AGALEPRVALTLPQE. BLAST search using the amino ter-
minal sequence as query against the NCBI Protein database
failed to detect any homologous sequence but the search using
the internal peptide sequence revealed that it displayed various
degrees of homology to an internal region of fungal and bac-
terial hypothetical proteins. Among them was the region of
amino acid residues 287–301 of the H. jecorina Cip2 (Acces-
sion Number AY281368), a functionally unidentiﬁed CBM-
containing extracellular enzyme [11]. Eleven out the ﬁfteen
residues were identical. Some of the orthologues were earlier
mistakenly assigned as acetylxylan esterases because they areFig. 2. MegAlign Clustal W alignment of selected sequences homologous to
protein sequences from NCBI, BROAD, and JGI databases include Phane
fold_11000167 (Pc2), Neurospora crossa NCU09445.2 (Nc1), Aspergillus f
Phaeosphaeria nodorum EAT83498 (Pn1), Chaetomium globosum EAQ8295
CC1G_05856.1 (Cc2), CC1G_05857.1 (Cc3), and CC1G_13471 (Cc4).homologous to the functionally unidentiﬁed carboxy-terminal
domain of a multi-domain Ruminococcus ﬂavefaciens protein
CesA [18]. The amino terminal domain of the CesA sequence
codes for an acetylxylan esterase. In addition to the NCBI
database, search was expanded to BROAD and JGI databases.
The putative catalytic domains of several ﬁlamentous fungi
were found to share 28–63% identities (Fig. 2). In sequenced
genomes of ﬁlamentous fungi, one orthologue was found in
the genome of H. jecorina (Cip2), Neurospora crassa (Nc1),
Magnaporthe grisea (Mg1), Aspergillus fumigatus (Af1), and
Phaeosphaeria nodorum (Pn1), two orthologues in Phanerocha-
ete chrysosporium (Pc1 and Pc2) and Chaetomium globosum
(Cg1 and Cg2) and four orthologues in the genome of Coprinus
cinereus. In addition to these signiﬁcantly homologous ortho-
logues, there were at least one (EAQ93859) in C. globosum
and three (CC1G_04800.1, CCIG_09360.1, and
CG1G_05859.1) in C. cinereus genomes that have less but
detectable (between 20% and 28% identities) homolog to the
H. jecorina Cip2. CCIG_09360.1 is an extremely large protein,
comprising 3500 amino acid residues. It appears that the gen-
ome of neither A. niger nor A. oryzae had such orthologues.
In addition to the putative catalytic domain, the H. jeco-
rina Cip2, P. chrysosporium e_gwh2.18.77.1 (Pc1CBM), C.
globosum EAQ82956 (Cg1CBM), C. cinereus CC1G_05856.1
(Cc2CBM), and CC1G_05857.1 (Cc3CBM) have a typicalthe putative catalytic domain of H. jecorina Cip2 (Cip2). Hypothetical
rochaete chrysosporium e_gwh2.18.77.1 (Pc1) and fgeneshi_pg.C_scaf-
umigatus XP_751313 (Af1), Magnaporthe grisea XP_360585 (Mg1),
6 (Cg1), EAQ83419 (Cg2), Coprinus cinereus CC1G_05848.1 (Cc1),
Fig. 3. Alignment of possible family 1 CBM sequences found in
H. jecorina Cip2 (TrCip2) [11], Cip1 (TrCip1) [11], cellobiohydrolase I
(TrCBHI), cellobiohydrolase II (TrCBHII), endoglucanase I (TrEGI),
endoglucanase II (TrEGII), endoglucanase IV (TrEGIV), endoglu-
canase V (TrEGV), Ph. chrysosporium e_gwh2.18.77.1 (Pc1CBM),
C. globosum EAQ82956 (Cg1CBM), C. cinereus CC1G_05856.1
(Cc2CBM), and CC1G_05857.1 (Cc3CBM).
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CAZY/fam/acc_CBM.html] on the amino-terminus (Fig. 3)
linked to their catalytic domain with hinge sequences.
3.2. Analysis of the H. jecorina cip2 gene
Only one orthologue was found when the cip2 cDNA
sequence was used as the query to BLAST the H. jecorina
genome sequence database [http://gsphere.lanl.gov/trire1/
trire1.home.html]. The cDNA sequence matched nucleotides
12629–14068 of scaﬀold 69 perfectly except that there is a
56 bp intron sequence located after the ﬁrst 73 bp of
AY281368. The intron sequence contained 5 0 GT and 3 0 AG
dinucleotides at the exon–intron junctions [19]. Consensus
transcriptional elements TATA and CCAAT boxes and Cre1
binding sequence SYGGRG [20] within the promoter region
and an AATAAA polyadenylation motif about 500 bp after
the translation stop codon were found. Further, possible bind-
ing sequences of AGGCA, 900-bp upstream, for ACEI [21]
and GGCTAA(A/T), 496-bp upstream, for ACEII [22] were
found, but these sequences are in antisense orientation.
3.3. Expression, puriﬁcation, and characterization of the
H. jecorina Cip2
Genomic sequence of the H. jecorina cip2 was ampliﬁed and
inserted into a H. jecorina expression vector as described in
Methods. Out of 34 transformants analyzed with Western blot,
ﬁve produced higher levels of Cip2 under cellulase-induction
conditions. The one giving the darkest band was used for pro-
duction and puriﬁcation of the recombinant Cip2. About
80 mg Cip2 per liter was produced in a 7 days shake-ﬂask cel-
lulase-induction culture. The Cip2 was puriﬁed from culture
supernatant after two steps of liquid chromatography using
hydrophobic interaction and strong anion exchange resins
(Table 1). Most proteins were eluted as ammonium sulfate
concentration dropped during the Phenyl Sepharose chroma-Table 1
Summary of recombinant H. jecorina Cip2 puriﬁcation
Step Volume
(ml)
Protein conc.
(mg/ml)
Total protein
(mg)
Culture supernatant 800 3.20 2560
(NH4)2SO4 precipitation 40 45.6 1820
Phenyl Sepharose 150 1.82 273
Mono Q 52 0.32 16.6tography but the Cip2 protein was not eluted until washing
the column with water. This suggests that the protein is highly
hydrophobic, similar to the S. commune glucuronoyl esterase
[9]. Several other proteins were still present after the hydropho-
bic interaction column step (Fig. 4A). The Cip2 protein failed
to adsorb to the strong anion exchange Q XL resin at pH 7.5
while the other proteins did. The Cip2 protein recovered from
the ﬂow-through fractions appeared to be homogenous as seen
on both SDS–PAGE and IEF gels (Fig. 4A and B). The Cip2
peptide antibodies reacted with only one band when the Cip2
over-expressed culture supernatant was analyzed with Western
blot (Fig. 4B) and the mass of the Cip2 protein appeared to be
55 kDa, larger than the calculated size (46.4 kDa) from the
amino acid sequence of Cip2 [11] and that (44 kDa) reported
for the S. commune glucuronoyl esterase [9]. The diﬀerence
could be partially due to the N- and/or O-glycosylation com-
monly found for secreted proteins by H. jecorina [23,24]. There
is an N-glycosylation site N447QS. This site might be glycosyl-
ated since the tryptic peptide comprising this site was not
recorded during MS analysis (see below). The mass of the puri-
ﬁed protein was found to be around 50 kDa, as analyzed with
size exclusion liquid chromatography using a Sephadex 75 col-
umn, indicating that the protein existed as monomeric form.
The isoelectric focusing point of the Cip2 was estimated to
be 7.9 (Fig. 4C), much higher than the pI (3.5) reported for
the S. commune glucuronoyl esterase [9] although both pro-
teins adsorbed to hydrophobic interaction resin strongly. The
diﬀerences in masses and pI values suggest that the S. commune
enzyme is devoid of a CBM. At least, the S. commune enzyme
does not bind to cellulose and we do not have any information
on its glycosylation. In addition to the strong pI 7.9 band, a
faint band at pI 7.4 (Fig. 4C) was also visible and this band10 10 4.45
Fig. 4. Analyses of the H. jecorina Cip2 samples by SDS–PAGE (A),
Western blot (B), and IEF (C). Lanes 1, 2, and 3 on panels A and B
were loaded with H. jecorina crude supernatant proteins (10 lg),
proteins eluted with water (for details see the Section 2.3) from the
Phenyl Sepharose column (10 lg), and after the Q XL step (2.0 lg),
respectively. Lane 1 on panel C was loaded with the protein sample
after the Q XL step (1.0 lg). Protein standards were the prestained
broad range protein molecular mass standards (for SDS–PAGE and
Western) and IEF standards all purchased from Bio-Rad.
Table 3
Kinetic parameters of H. jecorina glucuronoyl esterase for two
synthetic substrates, compounds II and III (Fig. 4)
Substrate Km
(mM)
Vmax
(lmol min1 mg1)
kcat
(s1)
kcat/Km
(mM1 s1)
Compound II 0.5 5.5 4.5 9.7
Compound III 1.1a
Average values from two independent measurements are presented.
aKm too high to be determined from Lineweaver–Burk plots.
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dance with the mass of the Cip2 CBM and linker (unglycosyl-
ated) domains, 3.73 kDa and 3.92 kDa, respectively. This
possibility was supported by the occurrence of a faint band be-
low 50.0 kDa on Western blot (lane 3, Fig. 4B). The cleavage
on the hinge region has been shown to be a common phenom-
enon for CBM-containing enzymes of H. jecorina [25]. An-
other possibility is that the band could be a minor
contaminate protein in the preparation.
To further conﬁrm the identiﬁcation of the puriﬁed protein
as Cip2, the protein was digested with trypsin and analyzed
by HPLC/tandem MS. Eight peptides were unambiguously
identiﬁed (Table 2), covering 24.4% of the total sequence for
Cip2. The low percentage might reﬂect that secreted Cip2
underwent heavy posttranslational modiﬁcations such as gly-
cosylation and pyroglutamination. To determine the cleavage
site for the signal peptide removal, Cip2 was transferred to
PVDF membrane after separation on SDS–PAGE gel and
the identiﬁed band excised for amino terminus sequencing.
No amino acid signals were obtained after ten cycles. Exami-
nation of the amino acid sequence revealed that there is a
Gln residue after the putative signal Ala cleavage site that
could form a pyroglutamate residue, as shown for many se-
creted H. jecorina enzymes [26]. The protein was sequenced
for 10 cycles after treatment with pyroglutamate aminopepti-
dase and an amino acid sequence SPVWGQXGGI was ob-
tained. The data therefore proved that the mature Cip2 was
blocked by a pyroglutamate residue on the amino-terminus.
3.4. Properties of H. jecorina Cip2 protein
The protein showed catalytic properties of glucuronoyl
esterase on all three substrates used in this work (Fig. 1). On
4-nitrophenyl 2-O-(methyl-4-O-methyl-a-D-glucopyranosyl-
uronate)-b-D-xylopyranoside (compound II) the glucuronoyl
esterase showed pH optimum 5.5 and temperature optimum
in the range 40–60 C. The enzyme was quite stable at 40 C.
At 50 C and 60 C its half life was about 10 min and 2 min,
respectively. The enzyme showed relatively high pH stability
in the pH range 4–8. Kinetic parameters of the enzyme were
determined on compound II and also on 3-(4-methoxyphe-
nyl)propyl methyl 4-O-methyl-a-D-glucopyranosiduronate
(compound III) (Table 3). In contrast to the compound II,
the enzyme saturation with the compound III could not be
reached with the arylalkyl ester of 4-O-methyl-D-glucuronic
acid, therefore, only the catalytic eﬃciency parameter kcat/Km
was determined for this substrate using the Lineweaver–Burk
plots. For unknown reasons the catalytic eﬃciency of the en-
zyme with substrate III appears to be lower than with com-
pound II. By this property the H. jecorina glucuronoyl
esterase diﬀers from the S. commune enzyme [10].Table 2
Peptides identiﬁed by HPLC/tandem mass spectrometry after trypsin digesti
Mr observed Mr calculated Pept
979.50 979.48 GAM
1203.56:61 1203.59 QAE
1251.72:75 1251.71 VID
1413.61:68 1413.65 LND
1843.91:93 1942.91 LND
1900.82:99 1900.94 IVL
2056.99 2057.04 RIV
2519.11 2519.13 FYDSimilarly as S. commune glucuronoyl esterase [9], the H.
jecorina glucuronoyl esterase did not hydrolyze substrates of
other carbohydrate esterases such as acetylxylan esterase, acet-
yl esterase and feruloyl esterase, which means that the Cip2
protein is also the novel type of carbohydrate esterase.
The activity H. jecorina glucuronoyl esterase decreased by
20% after 10 min incubation in the presence of 1 mM PMSF.
A 10 min incubation with higher concentrations of PMSF (5
and 10 mM) resulted in more than 80% inhibition of the en-
zyme activity, suggesting that the enzyme is a serine type ester-
ase. The glucuronoyl esterase activity was not inhibited by
EDTA (1 and 5 mM), suggesting that the enzyme activity is
not dependent on the presence of metal ions, in other words,
it is not a metalo-enzyme as carbohydrate esterases of family
4 [27]. Finally, we have conﬁrmed experimentally that the
Cip2 protein is a bimodular protein in which the catalytic
module is connected to a CBM of family 1. About 70% of
the enzyme present at 0.62 lM concentration adsorbed in
30 min on cellulose (6% w/v) suspended in 0.05 M sodium
phosphate buﬀer, pH 6.0. Only 10% of the enzyme was recov-
ered in the supernatant after 15 h.4. Discussion
Despite the discovery of ester linkage between lignin alco-
hols and MeGlcA of glucuronoxylan a long time ago, evidence
for enzymes hydrolyzing the ester bond of MeGlcA was not
provided until recently [9]. So far, genes encoding such
enzymes are unknown. This paper provides the evidence that
both eukaryotes and prokaryotes may have evolved genes cod-
ing for this type of enzymes. Among the sequenced genomes,
many possess orthologues with coded amino acid sequences
homologous to an internal amino acid sequence of the puriﬁed
S. commune glucuronoyl esterase. Most interestingly, one such
orthologue was the functionally unknown H. jecorina cip2,
which was shown to be up-regulated under conditions of cellu-
lase and hemicellulase induction [11]. The homologous recom-
binant H. jecorina Cip2 has been unambiguously shown to
exhibit glucuronoyl esterase activity and serves as the ﬁrston of Cip2
ide Residues
VAGAFEK 283–291
MSELIQR 133–142
ALELVPGAR 255–266
LFTMENGDK 111–122
LFTMENGDKVTTK 111–126
TLPQESGAGGSACWR 294–311
LTLPQESGAGGSACWR 293–311
LYGSSHSAGAMTAWAWGVSR 232–254
4034 X.-L. Li et al. / FEBS Letters 581 (2007) 4029–4035experimental proof for identity of the gene product as the new
carbohydrate esterase. The presence of the gene in genomes of
other fungi proliferating on plant cell walls, such as P. chrysos-
porium, C. globosum, and C. cinereus [28–30], implements
involvement of glucuronoyl esterases in the process of micro-
bial plant biomass degradation. However, only the analysis
of released products from cell wall materials by the glucuro-
noyl esterases alone and in combination with carbohydrate
hydrolases and lignin-degrading enzymes may establish spe-
ciﬁc functions for the new type of enzymes.
The H. jecorina glucuronoyl esterase possesses both CBM
(belonging to family 1) and catalytic domain linked by a hinge
sequence while only one of the putative P. chrysosporium glu-
curonoyl esterase has both CBM and the catalytic domain
(Fig. 3). Based on pI and mass diﬀerences in comparison to
the H. jecorina glucuronoyl esterase, the S. commune glucuro-
noyl esterase probably lacks a CBM. This suggestion is sup-
ported by the lack of the adsorption of the enzyme to
cellulose. Furthermore, under growth condition using cellulose
as carbon source, S. commune produces only one glucuronoyl
esterase since only one glucuronoyl esterase activity peak was
recorded during liquid chromatography with a crude enzyme
preparation [9].
The evidence for the occurrence of the glucuronoyl esterase
gene(s) in genomes of a series of fungi leads to emergence of a
new family of carbohydrate esterases [P.M. Coutinho and B.
Henrissat, Carbohydrate Active Enzymes server on URL:
http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html, (2005)] with
so far unknown biotechnological applications. The recombi-
nant strains with overproduction of glucuronoyl esterase will
be used for production of larger amounts of the enzyme
needed for crystallization and also for examination of its bio-
technological potential on natural substrates. One of the
crucial questions concerning the physiological function of
the glucuronoyl esterase is whether the enzyme is capable of
cleaving ester linkage between uronic acid and alcohol, both
being cell wall components. In such a case the enzyme would
hydrolyze an internal ester linkage actually in an endo-type
fashion.
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